19 20 Metabolism of energy reserves is essential for bacterial functions, such as pathogenicity, 21 metabolic adaptation, and environmental persistence, etc. Previous bioinformatics studies 22 43 Keywords 44 45 Energy reserve, Hidden Markov model, Evolution, Proteome, Metabolic pathway 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 addition, the enzyme phospholipid: diacylglycerol acyltransferase (PDAT) that catalyses the 129 acyl-CoA-independent formation of triacylglycerol in yeast and plants were also screened in 130 bacterial proteomes [13]. For metabolism of polyP, the key enzyme polyphosphate kinase 131 (PPK1) for synthesis and two degradation enzymes, intracellular polyphosphate kinase 2 132 (PPK2) and extracellular Ppx/GppA phosphatase (PPX), were included [2]. For glycogen 133 metabolism, two synthesis pathways were considered. The first one involves glucose-1-134 phosphate adenylyltransferase (GlgC), glycogen synthase (GlgA), and glycogen branching 135 enzyme (GlgB) [4]. The second pathway includes trehalose synthase/amylase (TreS), 136
have linked gain or loss of energy reserves such as glycogen and polyphosphate (polyP) with 23 host-pathogen interactions and bacterial virulence based on a comparatively small number of 24 bacterial genomes or proteomes. Thus, understanding the theoretical distribution patterns of 25 energy reserves across bacterial species provides a shortcut route to look into bacterial 26 lifestyle and physiology. So far, five major energy reserves have been identified in bacteria 27 due to their capacity to support bacterial persistence under nutrient deprivation conditions. 28
These include polyphosphate (polyP), glycogen, wax ester (WE), triacylglycerol (TAG), and 29 polyhydroxyalkanoates (PHAs). Although the enzymes related with metabolism of energy 30 reserves are well understood, there is a lack of systematic investigations into the distribution 31 of bacterial energy reserves from an evolutionary point of view. In this study, we sourced 32 8282 manually reviewed bacterial reference proteomes from UniProt database and combined 33 a set of hidden Markov sequence models to search homologs of key enzymes related with the 34 metabolism of energy reserves. The distribution patterns were visualized in taxonomy-based 35 phylogenetic trees. This study reveals that specific pathways and enzymes are restricted 36 within certain types of bacterial groups, which provides evolutionary insights into the 37 understanding of their origins and functions. In addition, the study also confirms that loss of 38 energy reserves is correlated with bacterial genome reduction. Through this analysis, a much 39 clearer picture about the metabolism of energy reserves in bacteria is presented, which could 40 serve as a guide for further theoretical and experimental analyses of bacterial energy 41 metabolism. 42
Introduction 70 71 Due to the diversity of environmental niches that bacteria have colonized through millions of 72 years of adaptation and evolution, bacteria have evolved specialized sets of metabolic 73 pathways to live optimally in these environments, which can be reflected in their 74 characteristic genomes, gene transcription profiles, and also proteomes [1] . Previously, 75 comparative genomics studies have shown that loss of glycogen metabolism could serve as 76 an indicator for bacterial parasitic lifestyle while gain of polyphosphate (polyP) metabolism 77 seems to link with free-living lifestyle and higher bacterial virulence [2, 3] . In addition, it has 78 been observed that loss of glycogen or polyP metabolism is associated with reduced genome 79 size, providing a hint about genome reduction [2, 4] . It is well known that both glycogen and 80 polyP are important energy sources in bacteria. Thus, presence or absence of energy reserves 81 in bacteria could be important for in silico analysis of bacterial physiology and lifestyle, 82 especially when large numbers of sequenced bacterial genomes are available and many of 83 those are unculturable by traditional laboratory techniques. 84 85 It is well known now that energy reserves play essential roles in bacteria for their regular 86 activities to sense and respond to changing environments and different types of stresses, such 87 as temperature fluctuation and nutrient deprivation, etc. [4] . Although there are many 88 different energy-related compounds, not all of them can be classified as energy reserves. 89 According to Wilkinson, three principles should be satisfied for a compound to be considered 90 as an energy reserve, which are: 1) accumulation when energy is over-supplied, 2) utilization 91 when energy is insufficient, and 3) apparent advantages by consuming the compound when 92 compared with those without it [5] . Through physiological and biochemical studies, five 93 energy storage compounds have been regarded to meet the criteria, which are wax ester (WE), 94 triacylglycerol (TAG), polyhydroxyalkanoates (PHAs), polyphosphates (polyP) and glycogen 95 [2, [4] [5] [6] . 96 97 Several studies have investigated the distribution patterns of energy reserves in bacteria, most 98 of which were based on small sets of bacterial genomes or proteomes. No systematic analysis 99 from the evolutionary point of view currently exists [2, 4, [7] [8] [9] [10] . In this study, we collected 100 8282 manually reviewed bacterial proteomes from UniProt database and sourced key 101 enzymes directly involved in the metabolism of five energy reserves from public literature 102 and database (Table 1) [11] . Hidden Markov sequence models were used for searching 103 homologs in bacterial proteomes. Distribution patterns of representative metabolic pathways 104 of the fiver major reserves are presented in Supplementary Table S1 . In order to gain an 105 explicit view about distributions of the enzymes along the evolutionary paths, we 106 incorporated the enzyme distributions into phylogenetic trees constructed via NCBI 107 taxonomy identifiers [12] . Through a combinational analysis of the pathways in the 108 phylogenetic trees, we have identified interesting distribution patterns of metabolic pathways 109 that are linked with bacterial groups specific lifestyles, which may improve our 110 understanding of the functions of energy reserves in bacteria. In addition, systematic analysis 111 also gives us an overview of enzyme distributions, which could serve a as guide for further 112 theoretical and experimental analyses of energy reserves in bacteria. 113
114

Materials and Methods 115 116
Proteomes and enzymes collection 117 118 Bacterial proteomes were downloaded from UniProt database by using two keywords, 119
Bacteria and Reference Proteomes, as filters [11] . A total of 8282 bacterial proteomes were 120 collected, reflecting the state of knowledge as at 2018. Of these, 68 proteomes were removed 121 due to outdated taxonomy identifiers that cannot be identified in NCBI taxonomy database 122 when constructing phylogenetic trees [12] . A complete list of all the 8282 bacteria with 123 UniProt proteome identifiers, NCBI taxonomy identifiers, bacterial names, proteome sizes, 124 and distribution patterns of key enzymes is available in the Supplementary Table S1 . For 125 each of the five major energy reserves, only key enzymes were considered. For the synthesis 126 of WE and TAG, the bifunctional enzyme wax ester synthase/acyl-CoA:diacylglycerol 127 acyltransferase (WS/DGAT) was studied due to its pivotal role in these processes [10] . In 128 maltokinase (Pep2), α -1,4-glucan: maltose-1-phosphate maltosyltransferase (GlgE), and 137 glycogen branching enzyme (GlgB) [14] . Key enzyme Rv3032 for the elongation of α -1,4-138 glucan in another pathway relevant to glycogen metabolism and capsular glucan was 139 included [14] . In addition, archaeal type GlgB belonging to the glycosyl hydrolase family 57 140 (GH57) was also investigated for comparative analysis due to its importance. As for PHAs, 141 major enzymes responsible for synthesis such as Acetyl-CoA acetyltransferase (PhaA), 142 acetoacetyl-CoA reductase (PhaB) and poly(3-hydroxyalkanoate) polymerase subunit C 143 (PhaC) have been identified [15, 16] All selected seed proteins were used for constructing statistical sequence models based on 157
HMMs via HMMER package [18] . After obtaining sequences for all seed proteins from 158 UniProt database, remote BLAST was performed to collect homologous sequences for each 159 seed protein from the NCBI non-redundant database of protein sequences [19] . Usearch was 160 used to remove the homologous sequences with more than 98% similarity from the selected 161 proteins [20] . The standalone command-line version of MUSCLE was used so the multiple-162 sequence alignments were created automatically [21] . Heads or tails of multiple sequence 163 alignments tend to be more inconsistent [22] . Thus, all MSAs were manually edited to 164 remove heads and tails by using JalView [23] . HMMER was selected for the construction of 165
HMMs through hmmbuild command. Since HMMER only recognizes STOCKHOLM format, 166 all MSAs results were converted from FASTA to STOCKHOLM format. In addition, another 167 set of HMM models sourced directly from PFAM database based on the domain structures of 168 seed proteins were collected. For seed proteins with more than two domains, de novo 169 constructed HMM models were used for homologous screening, while those with two or less 170 domains, established PFAM domains were used. For searching homologs in bacterial 171 proteomes, routine procedures were performed by following HMMER User's Guide 172 eddylab.org/software/hmmer3/3.1b2/Userguide.pdf. Only those hits meeting the criteria of E-173 value less than 1e-10 and hit length greater than 60% of query domains will be considered. 174
Results obtained from HMM screening can be found in Supplementary Table S1 . In 175 particular, the presence (copy numbers) or absence of a specific enzyme in a certain bacterial 176 proteome is noted, together with corresponding E-values and target sequence lengths. The key enzyme that is involved in both WE and TAG synthesis in bacteria is WS/ DGAT. 196 Through the screening of HMM-based statistical models, 673 out of 8282 bacterial species 197 harbour a single copy or multiple copies of WS/DGAT homologs, which are mainly present 198 in phylum Actinobacteria and the super-phylum Proteobacteria. Only a few bacteria in 199 groups such as FCB (also known as Sphingobacteria) and PVC (also known as 200 Planctobacteria), etc. have WS/DGAT. No species belonging to phylum Firmicutes has 201 WS/DGAT. As for the unclassified bacteria, although no WS/DGAT was identified, they will 202 not be studied due to their uncertain classification at current stage. For details, please refer to 203 u d o n o c a r d ia c e a e  N o c a r d io id a c Table 2 Preliminary analysis showed that 3166 bacterial species with average proteome size of 3772 285 proteins/proteome have PhaABC pathway while 1036 bacterial species with average 286 proteome size of 1059 proteins/proteome do not have the pathway (P-value<0.001). In 287 general, PHA synthesis was widely distributed across bacterial species. It is interesting to 288 notice that Group II PHA synthase is dominantly present in Proteobacteria Phylum while 289
Group I PHA synthase is abundantly present in Actinobacteria Phylum. In addition, three 290 representative regions R1, R2, and R3 with loss of the classical PHA synthesis pathway were 291 highlighted, that is, Bacteroidia Class, Epsilon-Proteobacteria Subdivision Class, and 292
Tenericutes Phylum. In these regions, two bacterial species, Lentimicrobium saccharophilum 293 and Helicobacter sp. 13S00477-4 actually harboured the complete PhaABC pathway. 294
Distribution patterns of the other four PHA synthesis pathways mentioned above were not 295 visualized along phylogenetic tree since they were distributed with no featured patterns 296
( Supplementary Table 1 Three key enzymes PPK1, PPK2, and PPX are related with polyP metabolism. PPK1 is 302 responsible for polyP synthesis. In this study, a total of 5273 bacterial species have PPK1. 303 PPK2 and PPX are used for intracellular and extracellular polyP degradation, respectively. 304 2584 bacterial species have PPK1, PPK2 and PPX enzymes while 2211 bacteria species do 305 not have any of the three enzymes. The average proteome sizes of the two groups of bacteria 306 are 4571 proteins/proteome and 1615 proteins/proteome, respectively, which are significantly 307 different (P-value < 0.001). In our analysis, we independently reviewed the distribution 308 patterns of the three enzymes along phylogenetic trees and the result is displayed in Figure 3 . 309
The three enzymes are widely distributed across bacterial species, which reflects the 310 essentiality of the polymer in bacterial physiology. In addition, comparison shows that 311
Firmicutes phylum seems to favour PPX more than PPK2 for polyP degradation. In addition, 312
although it was observed that several regions had missing synthesis enzyme or degradation 313 enzyme, only unclassified bacteria and Mollicutes class (94 bacterial species) showed 314 apparent lack of the three polyP metabolism enzymes. 1,4-glucan, which was compared for distribution patterns with GlgA. We also focused on the 331 two glycogen synthesis pathways and compared their distribution patterns. In addition, there 332 are two types of glycogen branching enzymes. One is the common bacterial GlgB, belonging 333 to GH13 in CATH database, and the other one is known as archaeal GlgB, belonging to 334 GH57 in CATH database [30] . We also looked into their distribution patterns in bacteria 335 since GlgB is essential in determining the branched structure of glycogen. Our study showed 336 that 3137 bacteria have the classical synthesis pathway (GlgC, GlgA, and GlgB) and their 337 average proteome size is 3966 proteins/proteome while only 510 bacterial species (average 338 proteome size of 1120 proteins/proteome) do not have these enzymes (P-value<0.001). 339 G r o u p U n c l a s s i f i e d   B a c t e r i a   P ro te o b a c te ri a   A c t i n o b a c t e r 
i a F ir m ic u te s M o ll ic u te s C la ss
Comparison of the two synthesis pathways confirmed that classical synthesis pathways are 340 widely distributed across species. Random loss of the classical pathway can be inferred from 341 Figure 4 . In contrast, trehalose pathway is tightly associated with Actinobacteria phylum. It 342 was also shown that Rv3032 was actually more widespread than GlgA. As for the two GlgBs, 343 GH13 GlgB is widely distributed in 4500 bacterial species with a trend of random loss, while 344 GH57 GlgB is identified in only 785 bacterial species that are mainly fall into Terrabacteria 345
Group and PVC group, etc. have extensively reduced genome sizes and common pathways relevant to energy metabolism 370 have been eliminated [31] . Although a common belief is that organism should evolve toward 371 high complexity, recent analysis reported that reduction and simplification could be the 372 dominant mode of evolution while increasing complexity is just a transitional stage according 373 to the neutral genetic loss and streamlining hypothesis [32] . Independent analyses of the 374 distribution patterns of the five energy reserves in bacteria found a consistent and statistically 375 significant correlation between energy reserve loss and reduced proteome size. Previous 376 studies also reported this correlation in terms of glycogen and polyP metabolism in bacteria 377 [2, 4] . In this study, we extended the conclusion by adding the neutral lipid reserves of WE, 378 TAG, and PHA. It was also confirmed that bacteria losing energy reserve metabolism 379 capacity tended to have a niche-dependent or host-dependent lifestyle [2, 4, 6] . Thus, by 380 looking into bacterial energy reserve metabolism, we could obtain preliminary views in terms 381 of bacterial lifestyles, though other evidence is required to verify this hypothesis. It is worth 382 mentioning that proteomes that we used in this study were derived from translated coding 383 genes, not based on condition-specific expression of proteins [11] . Thus, there is no bias in 384 protein coverage or gene expression level. From this point of view, this equivalent to 385 bacterial genome analysis, except for that HMM models perform much better for protein 386 sequences than DNA sequences in terms of remote homolog identification. 387 388 WS/DGAT is a bifunctional enzyme and key to the biosynthesis of WE and TAG in bacteria. 389
It was previously thought that WE and TAG are very uncommon lipid storage compounds in 390 bacteria when compared with plants and animals, until this novel enzyme was identified [10] . 391 From our analysis, it could be seen that many bacteria belonging to both Gram-positive and 392
Gram-negative categories have the potential to synthesize WE and TAG. However, studies 393 about WS/DGAT are mainly restricted to Mycobacteria genus (Actinobacteria phylum) and potentially industrial use. WS/DGAT genes in the phylum Actinobacteria tend to have more 396 paralogs than other phyla, especially for the bacteria in the R1 and R3 regions, which include 397 Mycobacteriacea has selective advantages in evolution. Considering the abundance of wax 415 ester and its slow degradation, it could also contribute to the long-term survival (more than 416 360 days) of M. tuberculosis in environment [6] . On the other hand, Corynebacterium does 417 not rely on oxidized mycolic acid while Turicella does not have mycolic acid at all [36, 37] . 418
Thus, there is no need for them to be equipped with the WS/DGAT enzyme. However, how 419
Mycobacteriaceae gains WS/DGAT, or Corynebacteriaceae loses it, is not clear and needs 420 more investigation. As for Firmicutes, it is the low G+C counterpart of the high G+C 421
Actinobacteria. Most of its species can form endospores and are resistant to extreme 422 environmental conditions such as desiccation, temperature fluctuation, and nutrient 423 deprivation, etc. [38] . Thus, they may not need compounds such as WE or TAG for storing 424 energy and dealing with harsh external conditions. How G+C content in the two phyla may 425 impact on the gain or loss of wax ester metabolism is currently not known. 426
427
PHAs are a group of compounds that include but are not limited to components such as 428 polyhydroxybutyrate (PHB) and polyhydroxyvalerate (PHV), etc., among which PHB is the 429 most common and most prominent member in bacteria [39, 40] . Currently, there are eight 430 pathways responsible for the synthesis of PHB in bacteria [17] . The complexity of the 431 metabolic pathways in bacteria is worthy of a separate and complete investigation and is 432 unable to be fully addressed in this study. Here, we only focused on the classical pathway 433 that mainly involves PhaA, PhaB and PhaC [39] . Its phylogenetic analysis revealed that PHA 434 synthesis is widely distributed across bacterial species, which is consistent with its role as a 435 dominant neutral lipid reserve in bacteria. As discussed above, PHA synthase is further 436 divided into four classes. However, HMM analysis of representative sequences revealed that 437 differences of the four-class enzymes at domain level only involves Abhydrolase_1 (PF00561) 438
and PhaC_N (PF07167) domains. Further exploration of all bacterial PhaC domain structures 439 shows higher heterogeneity, indicating that a more complex classification system for this 440 enzyme should be introduced (unpublished data) and will be investigated in future study. 441
442
PolyP is known to be ubiquitous in different life domains and claimed to be present in all 443 types of cells in Nature due to its essential roles as energy and phosphate sources [2] . 444
Although a number of enzymes are directly linked with polyP metabolism, we only focused 445 on PPK1, PPK2, and PPX in this study because they are most essential enzymes to polyP 446 metabolism. Figure 3 gives an overview of the distribution patterns of the three enzymes. 447
Although 2212 bacterial species across the phylogenetic tree lack of all three enzymes, an 448 apparent gap was only evident in the phylum Tenericutes and was further confirmed to be 449
Mollicutes. A previous analysis of 944 bacterial proteomes showed that bacteria which have 450 completely lost the polyP metabolic pathways (PPK1, PPK2, PAP, SurE, PPX, PpnK and 451 PpgK) are heavily host-dependent and tend to adopt obligate intracellular or symbiotic 452 lifestyles [2] . Consistently, Mollicutes is a group of parasitic bacteria that have evolved from 453 a common Firmicutes ancestor through reductive evolution [41] . From here, we could infer 454 that not only loss of complete metabolism pathway, but also even loss of key enzymes for 455 energy reserve metabolism could give a hint at bacterial lifestyle. 456
457
For glycogen metabolism, we compared two synthesis pathways, the classical pathway (GlgC, 458 GlgA and GlgB) and the newly identified trehalose-related pathway (TreS, Pep2, GlgE and 459 GlgB) [4, 14] . Although initial analysis via BLAST search showed in 2011 that GlgE 460 pathway is represented in 14 % of sequenced genomes from diverse bacteria, our studies 461 showed that, when searching for the complete GlgE pathway by including another three 462 enzymes, it is dominantly restricted to Actinobacteria phylum while the classical pathway is widely present in the phylogenetic tree as seen in Figure 4 [14] . In addition, the two types of 464 GlgBs also showed interesting distribution patterns. Although GH13 GlgB is widely 465 identified in 54.33% bacteria, GH57 GlgB is only present in 9.48% bacteria with skewed 466 distribution in groups such as the Terrabacteria phylum and PVC group, etc. Another study 467 of 427 archaea proteomes found that the 11 archaea have GH13 GlgB, while 18 archaea have 468 GH57 GlgB [29] . Thus, the two GlgBs are rarely present in archaea and mainly exist in 469 bacteria. However, why trehalose-related glycogen metabolism pathway is markedly 470 associated with Actinobacteria phylum still needs more experimental exploration. Proteobacteria and phylum Actinobacteria. Within the group, more bacteria have the 480 capacity to accumulate WE and TAG due to the abundance of WS/DGAT homolog. 481
Comparatively. polyP acts as a transient energy reserve while neutral lipids are a more 482 sustainable energy provider [4, 42] . Thus, neutral lipids could be major players for bacterial 483 persistence under harsh conditions such terrestrial and aquatic environments. As for glycogen, 484 its ability to enhance bacterial environmental viability is still controversial. Its widespread 485 distribution in bacteria indicates that its metabolism is tightly linked with bacterial essential 486 activities. In sum, through this study, we obtained a much clearer picture about how key 487 enzymes responsible for the metabolism of energy reserves are distributed in bacteria. The authors declare that there is no conflict of interest. 
